Abstract -Recombinant foot-and-mouth disease virus (FMDV) proteins 3A, 3B, and 3AB were produced by expressing the corresponding genes in Escherichia coli and purified by metal-chelate affinity chromatography. The recombinant proteins were used as antigens in indirect enzyme-linked immunosorbent assay (ELISA) to differentiate between vaccinated and FMD-infected animals. The following parameters were determined: working concentrations of antigens and peroxidase conjugate of cattle anti-IgG, the optimum composition of blocking buffer, and the positive-negative threshold of the reaction. Tests performed with approximately 200 serum samples taken from animals of different immunity states showed that the protocol with protein 3A as the antigen (3A-ELISA) provided the most reliable differentiation. All the newly developed systems proved to outperform the commercial Chekit FMD-3ABC kit in sensitivity, and 3A-ELISA was no less specific.
INTRODUCTION
Foot-and-mouth disease (FMD), which affects artiodactyls, is highly contagious. It ranks first among the most dangerous animal diseases, being able to cause epizootics and great economic loss. The outbreak of 1997 in Taiwan caused a loss of 378 million US dollars [1] . The direct and indirect loss caused by the 2001 FMD epizootic in Great Britain reached 10 billion pounds sterling [2] .
Russia is constantly threatened by the penetration of this disease from bordering Asian countries. Examples are FMD outbreaks of 1995, 2000, 2004, and 2005 caused by virus penetration from China to Russia [3, 4] . For this reason, the development and improvement of methods for FMD diagnosis are directly related to the zoosanitary and economic security of Russia.
Foot-and-mouth disease is caused by a nonenveloped RNA virus of the Picornaviridae family, genus Aphthovirus . The viral genome codes for four structural and eight nonstructural proteins. Both protein groups induce the production of antibodies in infected animals. However, vaccinated animals generate mainly antibodies against structural proteins. This is related to the fact that vaccine production includes partial purification of the virus, with most of the nonstructural proteins being eliminated together with cell debris.
Detection of antibodies against nonstructural footand-mouth disease virus (FMDV) proteins is an important tool for monitoring the disease because it allows differentiation of vaccinated and infected animals and detection of asymptomatic carriers among vaccinated stock. The anti-FMD vaccination program performed along the southern border of Russia demands diagnostic tools allowing the detection of infected animals in vaccinated herds. At present, several foreign test kits for detecting antibodies against nonstructural FMDV proteins are commercially available. They are based on synthetic peptides or recombinant FMDV proteins produced in E. coli or in baculoviral systems. No domestic test kits have as yet been developed in Russia.
Numerous studies show that proteins 3A and 3B are the best candidate antigens for the differentiating test [5] [6] [7] [8] [9] [10] [11] [12] .
The objectives of the present study were to prepare recombinant FMDV proteins 3A, 3B, and 3AB and to test them for applicability to the differentiation of infected and vaccinated animals. Isolation of viral RNA. Viral RNA was isolated from virus suspension with the use of 6 M guanidine isothiocyanate and GF/F glass fiber filters [13] .
Use of the Recombinant
Primer design and synthesis. Primers were designed on the basis of the FMDV sequence A 22 550 retrieved from the GenBank bioinformation system (accession no. X74812). The following primers were chosen for amplification and cloning of the 3A , 3B , and 3AB genes of FMDV: Cloning of PCR products was performed in the pQE expression plasmid and E. coli strain M15 (Qiagen, Germany) by conventional methods [14] Expression of recombinant protein genes. Escherichia coli cells were cultured on an orbital shaker at 37 ° C and 150 rpm until the culture reached an optical density of A 550 = 0.6. After that, IPTG (Promega) was added. Protein levels and sizes were determined by vertical electrophoresis in 12% polyacrylamide gel.
Purification of recombinant proteins. Recombinant proteins were purified by metal-chelate affinity chromatography. Sedimented E. coli cells were treated with lysis buffer (0.01 M Tris-HCl, pH 8.0; 6 M guanidine chloride, and 0.1 M NaH 2 PO 4 ) and centrifuged at 12,000 rpm for 5 min. Ni-NTA agarose (Qiagen) was added to the supernatant fluid, and the mixture was incubated at room temperature for 15 min, with shaking. The sorbent with the protein was washed with two portions of the lysis buffer. The proteins adsorbed on agarose were solubilized with elution buffer (0.01 M Tris-HCl, pH 8.0; 0.4 M imidazole, and 0.1 M NaH 2 PO 4 ).
Indirect ELISA was performed according to the conventional protocol [15] . The commercial conjugate of bovine anti-IgG with horseradish peroxidase was purchased from the Gamaleya Institute of Epidemiology and Microbiology (Moscow). The reaction was visualized by addition of the substrate 2,2'-azinebis(3-ethyl)benzothiazoline-6-sulfonic acid (ABTS). Quantitative assessment of the staining was performed with a Uniplan spectrometer (Russia) at 405 nm. We examined 30 sera from clinically healthy animals not vaccinated against FMD, 20 sera from cattle once or repeatedly vaccinated against FMD, and sera from animals experimentally infected with FMDV of serotypes A, O, and Asia 1, which were taken on days 5, 7, and 21 after infection (postinfection days, PID): 34 sera 5PID, 74 sera 7PID, and 17 sera 21PID. 
RESULTS
Recombinant nonstructural proteins were constructed on the basis of FMDV strain Ä 22 550 . We obtained cDNAs of the 3Ä , 3Ç , and 3ÄÇ genes of the virus by RT-PCR with primers including Bam HI and Hind III restriction sites: primers 3AF and 3AR for 3A, 3BF and 3BR for 3B , and 3AF and 3BR for 3AB . After digestion with corresponding restriction endonucleases, the PCR products were cloned into plasmid pQE ( Fig. 1) . Transformation of E. coli strain M15 with the recombinant plasmids yielded clones producing the 3A, 3B, and 3AB FMDV proteins with six histidine residues at their N termini.
The results of PAGE analysis of the recombinant proteins are shown in Fig. 2 . The molecular weights of the proteins corresponded to predicted values: 3A, 22 kDa; 3B, 11 kDa; and 3AB, 33 kDa.
Experiments on optimization of gene expression were performed in order to increase production of the proteins by E. coli cells.
The effect of IPTG concentration on expression was studied in the concentration range of 0.01 to 2 mM. The levels of recombinant FMDV proteins reached their maximum values at 0.2 mM IPTG. Further elevation of IPTG concentration did not increase them.
To study the time course of protein accumulation, culture samples were taken 0.25, 0.5, 1, 2, 4, and 18 h after induction and analyzed by PAGE. The maximum amount of recombinant proteins was obtained 4 h after YAKOVLEVA et al . induction, without further increase. All the three proteins were stable, as no proteolysis was observed even 18 h after induction.
At the next stage, we developed a protocol for purification of recombinant FMDV proteins. All the three recombinant proteins were present in E. coli cells in the insoluble state. Therefore, we purified them under denaturing conditions. The proteins were dissolved only partially when 8 M urea was added to the lysis buffer. The proteins could be completely solubilized only with 6 M guanidine hydrochloride. After solubilization, the proteins were purified by metal-chelate affinity chromatography on Ni-NTA agarose (Qiagen). However, the elution conditions recommended by the manufacturer were not applicable, because none of the three proteins could be eluted under standard conditions (at low pH or in the presence of 0.2 M imidazole). The bulk of each protein could be eluted only at imidazole concentrations in the elution buffer elevated to 0.4 M (pH 8.0). The yields of the purified proteins from 100 ml of the E. coli cell culture were 5, 1, and 1.5 mg for 3A, 3A, and 3AB, respectively.
The antigenic activity and specificity of the purified preparations of recombinant proteins were studied.
The activity of recombinant proteins was tested by indirect ELISA with the reference cattle sera. A serum from an animal with a history of FMD was used as a positive control, and a healthy-cattle serum was used as a negative control. The results of the test are shown in Fig. 3 . All the three proteins showed specific antigenic activity. The minimum protein concentrations at which the optical density of the positive control was twice as high as that of the negative one were different: 0.25 µ g/ml for 3A, 2.2 µ g/ml for 3B, and 1.1 µ g/ml for 3AB. These concentrations corresponded to the following protein dilutions: 1:32,000, 1:800, and 1:3200 for 3A, 3B, and 3AB, respectively. Thus, 3A has the highest antigenic activity.
The antigenic specificity of the recombinant proteins was tested by indirect ELISA with cattle sera containing antibodies against bovine leukemia virus, parainfluenza virus, infectious bovine rhinotracheitis virus, and bovine coronavirus. The activity of all the proteins with the heterologous sera did not exceed the background level with the nonimmune serum. The absence of the reaction of the proteins with heterologous sera is indicative of their antigenic specificity.
After the test for protein activity and specificity, we performed experiments on optimizing the conditions of ELISA in order to bring the method to completion. In particular, the optimal composition of the blocking buffer, the working concentrations of the antigen and conjugate, and the positive-negative reaction threshold were determined. The working concentrations of all proteins were approximately equal: 8-8.8 µ g/ml (Fig. 3) .
In the course of development of the blocking solution, we tested 10% yeast extract, 3% and 10% defatted milk, and 10% normal equine and rabbit sera with the TBST buffer (0.02 M Tris-HCl, pH 7.6; 0.14 M sodium chloride, and 0.01% Tween 20). Among them, 10% equine serum proved to be the best additive.
After optimizing all parameters, we accepted the following ELISA protocol. Aliquots (50 µ l) of a recombinant protein at the working concentration were placed into each well of the plate and incubated at 4 ° C for 16-18 h. Then 50 µ l of the blocking buffer (TBST, pH 7.6, with 10% equine serum) was added to each well without washing, and the plate was incubated at 37 ° C for 1 h. After washing the wells with TBST, they were filled with twofold serial dilutions of the test sera with the blocking buffer (beginning from 1:100, 50 µ l per well), and the plate was incubated on a shaker at 37 ° C for 1 h. Thereafter, the wells were washed from nonbound components, peroxidase-conjugated anti-IgG at the working concentration was added, and the plate was incubated again under the same conditions. After washing, the ABTS substrate was added to the wells, and the results of the The positive-negative threshold of the differentiating test was determined by studying cattle blood sera with different levels of antibodies against nonstructural FMDV proteins. The sera were tested prior to the study with a commercial Chekit FMD-3ABC kit (Bommeli Diagnostics, Switzerland). The ELISA studies with antigens 3A, 3B, and 3AB showed that the titer of antibodies against nonstructural FMDV proteins were below 1:400 in negative sera, between 1:400 and 1:800 in ambiguous sera, and 1:800 or higher in positive sera.
The three tests, hereafter referred to as 3A-, 3B-, and 3AB-ELISA, were applied to four serum groups: from healthy cattle not vaccinated against FMD, from once or repeatedly vaccinated cattle, and from animals experimentally infected with FMDV. The sera were taken 5, 7, and 21 days after infection (PID). The results of the tests are shown in the table.
The 3A-ELISA test provided the most reliable differentiation of FMD-infected and uninfected animals. In this test, none of the samples from healthy unvaccinated or vaccinated cattle fell within the range of positive results. The 3B-and 3AB-ELISA tests proved to be less specific. They showed false positive results in one animal each, with the animals being different.
In tests of sera from experimentally infected animals, all the three methods revealed antibodies against FMDV starting from 7PID. Sera taken 5 days after infections showed negative results. All sera from the 21PID group were positive in all the three tests.
The table also includes the results of testing sera with the commercial Chekit FMD-3ABC kit. This system, Chekit-ELISA, showed 100% specificity in our studies; however, its sensitivity was considerably lower than those of 3A, 3B, and 3AB-ELISA for 7PID sera. Only 13 of 74 sera of the 7PID group were positive in Chekit-ELISA, whereas 57 sera were positive in 3A-ELISA and 53 sera were positive in 3B-and 3AB-ELISA. In the 21PID group, all the four tests showed 100% sensitivity and perfect correlation.
The results of tests presented in the table were used for determining the diagnostic sensitivity and specificity of the test systems. The sensitivity of the developed methods was 93.8% for 3A-ELISA, 87.5% for 3AB-ELISA, and 96.8% for 3B-ELISA. The sensitivity of Chekit-ELISA was considerably lower: 65.9%. The specificity was 100% for 3A-ELISA and Chekit-ELISA and 98.04% for 3B-and 3AB-ELISA.
DISCUSSION
The main objectives of our study were to prepare the 3A, 3B, and 3AB recombinant nonstructural FMDV proteins, to develop enzyme immunoassay methods for differentiating vaccinated and FMDV-infected animals, and to compare the developed methods in order to choose the most specific and sensitive test.
Molecular cloning of the genes for the 3A, 3B, and 3AB FMDV proteins yielded E. coli clones producing corresponding recombinant proteins. All the three proteins accumulated in cells in large amounts, visually constituting no less than 10% of the total weight of cell proteins. The recombinant proteins showed similar accumulation properties: the optimum IPTG concentration for their induction was 0.2 mM, and their maximum accumulation in the form of inclusion bodies was recorded 4 h after induction. In spite of significant loss of recombinant proteins during purification, we obtained 5 mg of 3A, 1 mg of 3B, and 1.5 mg of 3AB from 100 ml of the cell culture.
The test for antigenic properties of the recombinant proteins by ELISA with control cattle sera showed that they had high antigenic activities and An indirect ELISA protocol was developed with the use of the recombinant proteins for differentiation of vaccinated and FMDV-infected cattle. The working concentrations of antigens and horseradish peroxidase-conjugated anti-IgG were determined, and the optimum composition of the blocking buffer was chosen. The positive-negative threshold of the reaction was determined. The method showed well-reproducible results. Proteins adsorbed on ELISA plates retained their antigenic activity without any loss for at least one year (time of observation).
One of the main tasks was to find out which nonstructural FMDV protein, 3A, 3B, or 3AB, was most suitable as a component of a test kit for differentiation of vaccinated and FMDV-infected cattle. Tests of about 200 sera from animals with known immunity states showed that all three proteins were suitable, but 3A-ELISA showed the best combination of diagnostic specificity (100%) and sensitivity (93.8%).
Comparison with the commercial Chekit FMD-3ABC kit showed that all the tests developed by us outperformed it in sensitivity in testing sera early after infection.
Note that the relatively low values of the diagnostic sensitivity of Chekit FMD-3ABC found in our experiments were accounted for by the fact that 74 out of 91 doubtless positive sera tested in the study were taken from the 7PID group of animals experimentally infected with FMDV. In spite of the fact that some scientists reported detection of antibodies against nonstructural FMDV proteins as early as 6PID [7] , most of the commercial kits are not designed for such early detection of antibodies. As assured by the developers of Chekit FMDV-3ABC, the kit allows reliable detection of antibodies against FMDV on day 10-14 after infection. The FMDV-Ab kit by Svanova (Sweden) is more sensitive; however, it detects antibodies only on day 8. The fact that 3A-, 3B-, and 3AB-ELISA revealed antibodies against FMDV in most sera of the 7PID group is indicative of the high sensitivity of our methods.
Thus, we obtained the recombinant nonstructural 3A, 3B, and 3AB FMDV proteins, determined the optimal conditions of their synthesis and purification, and developed an indirect ELISA protocol based on use of the recombinant proteins as antigens. Their comparison showed that all the three test systems (3A-, 3B-, and 3AB-ELISA) were suitable for the differentiation of vaccinated and FMDV-infected cattle, but 3A-ELISA proved to be the most promising as a differentiating test.
